The present study demonstrates the successful use of L-band brightness temperatures to retrieve snow liquid water from multi-angular measurements . The emission model employed was developed from parts of the "microwave emission model of layered snowpacks" (MEMLS) coupled with components adopted from the "Lband microwave emission of the biosphere" (L-MEB) model. Two types of snow liquid water retrievals were performed based on measured over i) areas with a metal reflector placed on the ground ("reflector area"-, ), and ii) natural snow-covered ground ("natural area"-, ). The reliable representation of temporal variations of snow liquid water is demonstrated for both types of retrievals. This is verified by the fact that both types ofretrievals indicate a dry snowpack throughout the "cold winter period" with frozen ground and air temperatures well below freezing, and synchronously respond to snowpack moisture variations during the "early spring period". Snow liquid water retrievals based on , are achieved in a twostep retrieval procedure using exclusively L-band brightness temperatures, without the need for in-situ measurements such as ground permittivity and snow mass-density . The latter two are estimated in the first retrieval-step employing the well-established two-parameter , retrieval scheme. The proposed and investigated two-step retrieval approach opens up the possibility of using airborne or spaceborne L-band radiometry to estimate , , .
step retrieval procedure using exclusively L-band brightness temperatures, without the need for in-situ measurements such as ground permittivity and snow mass-density . The latter two are estimated in the first retrieval-step employing the well-established two-parameter , retrieval scheme. The proposed and investigated two-step retrieval approach opens up the possibility of using airborne or spaceborne L-band radiometry to estimate , , .
Index Terms-snow liquid water content, L-band radiometry, early spring snow, snow wetness, LS-MEMLS
INTRODUCTION
Microwave remote sensing is a key tool in the assessment of terrestrial surface state parameters, for example, of the Cryosphere. Notably, the assessment of large scale information on column properties of seasonal snowpacks is very limited, despite technical advancements and the increasing number of dedicated microwave satellite missions.
Closing the observational gap of large scale remote sensing of snow column properties is built on two premises. First, the sensing depth of the employed remote sensing technique must reach and exceed the depth of the observed snowpack. Second, adequate retrieval schemes are needed to extract the desired snow-column information from the remote sensing data. The first requirement is best met with low frequency microwave remote sensing, such as L-band (1-2 GHz) radiometry, which almost excludes the applicability of higher frequency sensors to assess snow column properties. For example, the L-band emission depth in moist snow with volumetric liquid-water of 1% is approximately 1.7 m (Section 4.15 in [1] ), which is of the order of seasonal snow cover depth.
The snow liquid water retrievals presented here are derived from tower-based passive L-band measurements performed at the Davos-Laret Remote Sensing Field Laboratory [2] during the winter 2016/17. The emission model used in the retrieval scheme here proposed was developed and validated in [3] and used in the theoretical study [4] to demonstrate the possibility to retrieve , ε from L-band .
DATA SETS 2.1. Test Site
The Davos-Laret Remote Sensing Field Laboratory (48°50´53´´N, 9°52´19´´E) in Switzerland is a 50 m  50 m area in the Alps with an approximate elevation of 1,450 m above sea level. The ground is mostly flat with a smooth slope on the north-western side of the site. The valley, including the site area, is encompassed by mountains with an average height difference of ~400 m with respect to the site. The site area is surrounded by Lake Schwarz on the north-western side, coniferous forest on the south-eastern side and local buildings on the north-eastern and south-western sides. During spring and summer, the site is covered with lawn grass and is used as grazing ground.
In-Situ Measurements
Temperature and dielectric permittivity of the ground were measured every five minutes throughout the winter 2016/2017 campaign using an automated network of a dozen SMT-100 sensors. These sensors were located along two transects to capture ground freeze/thaw states with their spatial heterogeneity. Detailed information on these in-situ measurements can be found in [2] .
During the snow covered period, starting from 3 January, regular snow depth profile measurements were performed manually. Snow height and mass-density were measured approximately once a week using a snow cutter with depth resolution of ≤ 10 cm.
Radiometry Data
An ELBARA-II radiometer [5] was used to measure L-band brightness temperatures in the protected frequency band 1,400 MHz -1,427 MHz at both vertical and horizontal polarizations p = H, V. The tracking systems were configured to perform sequential tower-based measurements , over the "natural area" (N) and , over the "reflector area" (R) with a metal mesh reflector placed on the ground, each with the eight nadir angles 30°, 35°,…, 65°. A detailed description of the experimental setup and the time series of brightness temperatures and in-situ data is provided in [6] .
RETRIEVAL APPROACH
The general concept of the approach used to retrieve volumetric snow liquid water content is to optimally fit measurements to corresponding simulated (sim.) brightness temperatures , .
. The numerically minimized cost function applied reads: Furthermore, each type of -retrieval is performed for three different "retrieval modes" RM = "H", "V" including either observations at polarization p = H or V, and RM = "HV" using both polarizations. Furthermore, measured at nadir angles 30° 65° are used, implying that retrieved is an "effective" value of snow liquid water content representative of all the footprint areas.
The denominator in Equation (1) assigns different weights to measurements according to their uncertainty understood as the sum of the radiometer assembly's (RMA) inherent uncertainty ∆ , and the error ∆ imposed by non-thermal noise entering the antenna (see Section 4.2 in [2] ).
3.1.
, retrieved from , Retrievals simulated with the single-layer "LS-MEMLS" used in the cost function (1) are performed for ground reflectivity 1 and therefore necessarily independent of ground temperature, permittivity, and roughness.
3.2.
, retrieved from , Retrievals , are derived from , measured over the "natural area" (N) using a two-step approach outlined in detail in [6] . The first step consists of retrieving ground permittivity and snow mass density , based on measurements , (see [4] and [7] ). In this multi-angular two-parameter retrieval, the snowpack is formally assumed as dry. The second retrieval step it consistent with the one outlined in Section 3.1, it consists of retrieving , using the single-layer version of "LS-MEMLS" that includes snow liquid water to simulate , , ., used in the cost function (1).
RESULTS AND DISCUSSION

4.1.
, retrieved from , Figure 1a ,b,c contain the time series of volumetric liquid water content retrieval results , for retrieval modes RM = "HV", "H", and "V", respectively. Throughout the "snowfree period" (15 December 2016 to 3 January 2017) and also throughout the "cold winter period" (3 -30 January), when the snowpack is consistently dry, the , retrievals for all RMs are virtually zero. At the beginning of the "early spring period" (1 February -15 March), as a result of integral heat input over time and gradually increasing air temperature, the snowpack gradually becomes slightly moist resulting in diurnal increases of , with its maximum reached in the afternoons but still limited to < 0.01 m 3 m -3 . Figure 2a ,b provide greater detail by means of zoomedin views of Fig. 1a showing , " " in the periods from 12 -20 February and 8 -30 January, respectively. The
shown in Fig. 2a indicate signs of "early-spring snow" in that the snowpack is dry in the morning of each day but as air temperature rises and the snowpack is periodically subject to more heat input from the Sun and atmosphere, the snowpack becomes slightly moist and gradually returns to its dry status over night due to refreezing. In summary, it can be said that , " " retrieved from , measured over the "reflector area" are very robust and tightly connected to the physical snowpack evolution throughout the "cold winter period" and the "early spring period". Furthermore, to date no in-situ method exists to reliably quantify snow liquid water. Accordingly, , retrievals are considered as "references" for comparison with , derived from , measured over the "natural area".
4.2.
, retrieved from , Figure 3a ( Fig. 1) for the same RMs shows that both types of retrievals indicate the "cold winter period" similarly. However, while the "reference" retrievals , for RM = "HV" and "H" (Fig. 1a,b) are consistently  0 m 3 m -3 throughout the entire "cold winter period", the corresponding quasi-simultaneous , retrievals occasionally show low non-zero values. Despite these imposed uncertainties, , retrievals successfully detect the occurrence of the first moist snow during the "early spring period" as one might expect from Fig. 3 . This proposition becomes more evident from the zoomed-in view in Fig. 4 showing retrievals , " " (orange) and , " " (blue) for 12 -20 February during the "early spring period" (the same period as shown in Fig. 2a ). The shown , " " retrievals closely follow the same diurnal variation pattern as the corresponding "references"
with virtually the same number of diurnal peaks and dips. Similarly, simultaneity between the , and , is also observed for RM = "H" and "V".
SUMMARY AND CONCLUSION
In the present paper the high sensitivity of L-band brightness temperatures to snow liquid water, demonstrated in [2] , is used for the retrieval of volumetric snow liquid water content from L-band radiometry.
, and , based on multi-angular L-band , and
